Introduction
Herpes simplex virus type 2 (HSV-2) is a single, large, double-stranded DNA enveloped virus within the family Herpesviridae [1] . HSV-2 infection is sexually transmitted, with a lifelong latency in populations worldwide, and is the leading cause of genital herpes characterized by vesicles or ulcers on the reproductive organs [2] . HSV-2 infection is also a risk factor for cervical cancer and the acquisition and transmission of human immunodeficiency virus (HIV) [3] [4] [5] . Based on the global estimates of 536 million infected people with an annual incidence of 23.6 million cases, HSV-2 infection has been a public health concern worldwide [6] .
Even though many attempts have been made to develop vaccines against HSV-2, none was reported to be effective in clinical trials [7] . Synthetic nucleoside analogs targeting viral DNA polymerase, including acyclovir, valaciclovir, famciclovir, and penciclovir, are routinely used as a standard treatment for HSV-2 infection [8] . However, longterm use of nucleoside analogs has led to drug resistance, implicating an increase of recurrence and treatment failure. Thus, the efficacy of existing antiviral management has been limited [9] . Although some non-nucleoside analog inhibitors of HSV-2 have been developed, most of them were not approved owing to adverse effects [10] . Therefore, safe Herpes simplex virus type 2 (HSV-2) infection has been a public health concern worldwide. It is the leading cause of genital herpes and a contributing factor to cervical cancer and human immunodeficiency virus (HIV) infection. No vaccine is available yet for the treatment of HSV-2 infection, and routinely used synthetic nucleoside analogs have led to the emergence of drug resistance. The small molecule Retro-2 c y c l has been reported to be active against several pathogens by acting on intracellular vesicle transport, which also participates in the HSV-2 lifecycle. Here, we showed that Retro-2.1, which is an optimized, more potent derivative of Retro-2 was first reported to be a retrograde trafficking inhibitor active against ricin and Shiga toxins, changing the intracellular distributions of syntaxin 5 and syntaxin 6 to a lesser extent [11] . Syntaxins are members of the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) family of membrane proteins that mediate intracellular vesicle transport [12] . Subsequently, Retro-2 was also demonstrated to be active against intracellular infectious pathogens. Cell infections by adeno-associated viruses, polyomaviruses, papillomaviruses, and poxviruses were inhibited by Retro-2 c y c l via similar mechanisms related to that against toxins involving redistributions of syntaxins and alterations of retrograde transport vesicles between endosomes and the Golgi apparatus [13] [14] [15] [16] [17] [18] . Cell infections by Ebola virus, Marburg virus, Chlamydia trachomatis, Simkania negevensis and Leishmania were also inhibited by Retro-2 c y c l by interfering with virus entry or formation of the bacteria or parasite's intracellular vacuoles [19] [20] [21] . In vivo studies demonstrated that Retro-2 c y c l protected mice from ricin, Shiga toxin-producing E. coli O104:H4, vaccinia virus, and Leishmania challenges [11, 16, 20, 22] . In our most recent published study, Retro-2 c y c l showed effective antiviral activity against enterovirus 71 in cell cultures and significantly protected 90% of newborn mice from enterovirus 71 inoculation by blocking progeny virus release [23] . Taken together, the findings thus far demonstrate that Retro-2 c y c l exerts inhibitory effects on these pathogens by acting on intracellular processes associated with vesicle transport. Retro-2.1 is an optimized, more potent derivative of Retro-2 c y c l [24] . Thus, it is effective in redistributing syntaxins and inhibiting intracellular vesicle transport as well.
HSV-2 infection begins with initial binding to the cell, followed by entry via membrane fusion or endocytosis. Virus DNA replication, protein synthesis, and capsid assembly take place successively, followed by release of filled capsids from the nucleus to the cytoplasm. Subsequently, the filled capsids acquire an envelope and an outer vesicular membrane by budding into vesicles derived from the transGolgi network. Finally, virus-containing vesicles move to and fuse with the cell membrane to release enveloped viruses [25] [26] [27] . Together, the facts that intracellular vesicle transport plays a major role in the HSV-2 lifecycle and is a main target for Retro-2.1 provide a rationale for testing the potential antiviral activity of Retro-2.1 against HSV-2.
In this study, we investigated the antiviral activity of Retro-2.1 against HSV-2 in cell cultures, and clarified the preliminary mechanisms. Retro-2.1 was found to protect cells effectively from HSV-2 infection by inhibiting virus entry and late stages of the HSV-2 lifecycle. Fig. 1 ) with a purity higher than 95% determined by LC/MS was synthesized in-house [24] . Chloroquine and acyclovir, which were used as positive control drugs as reported, with purities higher than 98% as determined by HPLC, were purchased from Meilun Biotech Co., Ltd. (China) [28, 29] . The compounds were dissolved in dimethyl sulfoxide as stocks and diluted with DMEM supplemented with 2% FBS (DMEM-2% FBS) to working concentrations.
Materials and Methods
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Cytotoxicity and Cytopathic Effect (CPE) Inhibition Assays
Vero cells were seeded in 96-well plates to 90% confluency. In the cytotoxicity assay, the cells were treated with serially diluted compounds for 72 h before analysis. In the CPE inhibition assay, the cells were treated with serially diluted Retro-2.1 from 5 h before infection with HSV-2 (MOI = 0.04, which was determined to cause appropriate CPE (100%) and cell viability reduction (60%) on Vero cells after infection for 72 h), or with serially diluted chloroquine or acyclovir from 5 h before or at the same time with infection, respectively. The cells were further incubated for 72 h in the presence of the compounds in the medium before analysis. At the end of both assays, the cell viability was measured using the Cell Titer-Glo reagent (Promega, USA) [30] and quantified with the VICTOR X2 (PerkinElmer, USA). The cytotoxicity and CPE inhibition rate were respectively measured by the following equations: cell viability (%) = (T ) of the compounds were calculated by regression analysis [31] .
Plaque Reduction Assay
Vero cells seeded in 12-well plates and grown as monolayers were treated with serially diluted Retro-2.1 from 5 h before infection with HSV-2 for 1 h (50-100 PFU, which was determined to ensure appropriate numbers of plaques would form in the plates to be counted accurately), followed by replacement of the inoculum with DMEM-2% FBS-1% low-melting agarose containing Retro-2.1 at corresponding concentrations. The cells were further incubated for 72 h until plaques formed, fixed with 4% paraformaldehyde, and stained with 0.5% crystal violet before the plaque numbers were counted. The plaque inhibition rate was calculated by the following equation of Retro-2.1 was calculated by regression analysis [31] .
Western Blot Assay
Cell samples were lysed in RIPA buffer (Beyotime Biotech Co., Ltd., China) and cleared by centrifugation. Proteins in the cell lysates were separated by SDS-PAGE and electroblotted onto nitrocellulose membranes. The membranes were blocked with 3% non-fat milk for 1 h and subsequently incubated with an anti-HSV-2 VP5 (major capsid protein of HSV-2 [32] ) (EastCoast Bio, USA) or an anti-β-tubulin mouse monoclonal antibody (Covance, USA) for 2 h, followed by reaction with an alkaline phosphatase (AP)-labeled anti-mouse IgG antibody (SouthernBiotech, USA) for 1 h. The membranes were finally blotted using the AP substrate.
Quantitative Polymerase Chain Reaction (qPCR) Assay
The HSV-2 DNA was extracted using the Ezup Column Virus DNA Purification Kit (Sangon Biotech Co., Ltd., China), followed by further quantification with the TransStart @ Top Green qPCR SuperMix (TransGen Biotech Co., Ltd., China) and gG-specific primers using the Bio-Rad CFX96 system (Bio-Rad, USA).
Time of Retro-2.1 Addition Assay
Vero cells were seeded in 24-well plates to 90% confluency. In the antiviral activity assay of the compounds against HSV-2 based on viral protein and DNA content, the cells were treated with 12.5 μM Retro-2.1 from 5 h before infection with HSV-2 for 1 h (MOI = 1 [33] ), or with 15 μM chloroquine or 1 μM acyclovir from 5 h before or at the same time with infection, followed by replacement of the inoculum with the compounds at corresponding concentrations. The cells were further incubated until 18 h postinfection to ensure a single lifecycle without obvious CPE before the HSV-2 protein and DNA contents in the cell cultures were measured [34] . Besides this, HSV-2 titers in the cell cultures were also measured by the endpoint dilution assay. The 50% tissue culture infectious dose (TCID 5 0 ) was calculated by the Reed and Muench method
In the effective stage assay of Retro-2.1 against HSV-2, a time of Retro-2.1 addition assay was performed as reported, with some modifications [35] . The cells were treated with 12.5 μM Retro-2.1 for 5 h before infection (pre: -5-0 h), at the same time with infection (simultaneous: 0-1 h), or during periods post-infection (early post: 1-6 h; late post: 6-18 h) to determine whether Retro-2.1 could exert an antiviral effect against HSV-2 through a preventive effect on the cells, an inhibitory effect on virus binding or entry, on virus replication or late stages of infection. Moreover, the virucidal effect of Retro-2.1 on HSV-2 directly was determined by the pretreatment of HSV-2 with Retro-2.1 at the same concentration as in other procedures at 4°C for 5 h before infection (direct). Within all procedures, the infection was performed by addition of HSV-2 (MOI = 1 [33] ) during 0-1 h (except for the direct procedure, in which the cells were infected with HSV-2 pretreated with Retro-2.1). The HSV-2 DNA content as well as titers in the cell cultures were measured at 18 h post-infection [34] .
Binding and Entry Assays
Vero cells were seeded in 24-well plates to 90% confluency and treated as previously reported in a study on effects of Dynasore on HSV-2 binding and entry [36] . Briefly, the cells were treated with 12.5 μM Retro-2.1 at 37°C for 5 h before infection, or with 15 μM chloroquine or 1 μM acyclovir for 5 h before or at the same time with infection. For the binding assay, the pre-chilled cells were incubated with HSV-2 (50-100 PFU) at 4°C for 2 h, followed by removal of unbound viruses by washing. The cells were then covered with DMEM-2% FBS-1% low-melting agarose and further incubated for 72 h until plaques formed, fixed with 4% paraformaldehyde, and stained with 0.5% crystal violet before the plaque numbers were counted. For the entry assay, the cells in the binding assay were further incubated at 37°C for 1 h to allow virus entry after removal of unbound viruses. The cells were then treated with citrate-buffer (pH 3.0) for 1 min and washed by PBS, followed by the plaque number assay.
Immunofluorescence Assay
Cells grown on glass coverslips were treated and infected as described for the binding and entry assays to study effects of Retro-2.1, except that the MOI was determined to be 10 to enhance the fluorescence intensity. At the end of the entry assay, the cells were fixed with 4% paraformaldehyde and treated with 0.2% Triton X-100 for 15 min, respectively, followed by blocking with 1% bovine serum albumin and incubation with an anti-HSV-2 VP5 mouse monoclonal antibody for 1 and 2 h, respectively. Subsequently, the cells were reacted with a goat anti-mouse antibody conjugated with FITC (Bioss Biotech Co., Ltd., China) for 1 h. DAPI (KeyGEN Biotech Co., Ltd., China) was used to stain the nuclei. Fluorescence was recorded using a Zeiss LSM 710 laser scanning confocal microscope (Zeiss, Germany).
Late Stage Assays
Vero cells were seeded in 24-well plates to 90% confluency and infected with HSV-2 (MOI = 1 [33] ) during 0-1 h, and then treated with 12.5 μM Retro-2.1 during 6-18 h, or with chloroquine and acyclovir as described in the antiviral activity assay. Intracellular and extracellular viruses were collected from the cells (by freezethaw cycles) and the cell supernatants, and total viruses were collected from the cell cultures by freeze-thaw cycles, respectively, followed by titer determination by the endpoint dilution assay at 6, 8, 10, 12, and 18 h post-infection. The TCID 
Statistical Analysis
All experiments were conducted in triplicate and repeated three times independently. A one-way ANOVA test was used for statistical analysis to compare differences between the test group and the virus control group. Statistical significance represented by asterisks is marked correspondingly in the figures (*p < 0.05, **p < 0.01, ***p < 0.001).
Results
Reduced Cytopathic Effect and Plaque Formation Were Detected in Retro-2.1-Treated Cells
The cytotoxicity of Retro-2.1 was evaluated before detecting its antiviral activity. As shown in Fig. 2A values of 5.58 and 6.35 µM, respectively. The antiviral activity of Retro-2.1 was also expressed as a selective index (SI), with a value of 20.88, which was higher than that of the positive control drug chloroquine. Therefore, Retro-2.1 was demonstrated to be a safe and effective antiviral agent against HSV-2 in vitro that could protect Vero cells from HSV-2 infection. (A) Vero cells were treated with serially diluted Retro-2.1 for 72 h, and then the cell viability was measured and compared with that of the cell control. (B) Vero cells were treated with serially diluted Retro-2.1 from 5 h before infection with HSV-2 (MOI = 0.04) and further incubated for 72 h in the presence of Retro-2.1, and then the cell viability was measured to calculate the rate of inhibition of the cytopathic effect (CPE). (C) Vero cells were treated with serially diluted Retro-2.1 from 5 h before infection with HSV-2 (50-100 PFU) for 1 h, followed by replacement of the inoculum with DMEM-2% FBS-1% low-melting agarose containing Retro-2.1 at corresponding concentrations, and then the plaque numbers were counted to calculate the rate of inhibition of the plaques. further evaluated by biosynthesis of HSV-2 based on protein and DNA content as well as virus titers in a single replicative cycle without obvious CPE at 18 h post-infection [34] . As shown in Fig. 3 , significant reductions in HSV-2 protein (monitored by VP5) and DNA content as well as virus titers were detected in Retro-2.1-treated cells as compared with the virus control. As the anti-HSV-2 targets of positive control drugs chloroquine and acyclovir are virus entry and replication [28, 29] , they significantly reduced the HSV-2 protein and DNA content as well as virus titers as expected. Therefore, Retro-2.1 was demonstrated to be an effective antiviral agent against HSV-2 in vitro that could cause reduced HSV-2 protein and DNA content as well as virus titers.
Retro-2.1 Blocks HSV-2 Entry into Cells
Having identified the antiviral potency of Retro-2.1 against HSV-2, the mechanisms were further investigated. (A) HSV-2 (50-100 PFU) and Retro-2.1 (12.5 µM) treatment schemes in the binding and entry assays. Chloroquine (15 µM) or acyclovir (1 µM) was added at 5 h before or at the same time with infection. (B) At the end of the binding assay, the cells were covered with DMEM-2% FBS-1% lowmelting agarose and further incubated for 72 h until plaques formed, fixed with 4% paraformaldehyde, and stained with 0.5% crystal violet before the plaque numbers were counted. At the end of the entry assay, the cells were treated with citrate-buffer (pH 3.0) for 1 min and washed by PBS, followed by the plaque number assay. (C) Vero cells grown on glass coverslips were treated and infected as described in the binding and entry assays except that an MOI of 10 was used, and then immunofluorescence assay of the cells was performed at the end of the entry assay by incubation with an anti-HSV-2 VP5 mouse monoclonal antibody and reaction with a goat anti-mouse antibody conjugated with FITC (green), respectively. The nuclei were stained with DAPI (blue). Statistical significance was compared between the test group and the virus control group, where **p < 0.01 and ***p < 0.001.
A time of Retro-2.1 addition assay with different treatment schemes was first performed to determine stages of the HSV-2 lifecycle targeted by Retro-2.1 (Fig. 4A) . The HSV-2 DNA content in the cell cultures was measured at 18 h post-infection [34] . As shown in Fig. 4 , no significant difference in HSV-2 DNA content as well as virus titers was observed compared with virus control when Retro-2.1 was applied to the viruses only (direct), to the cells during infection (simultaneous), or during the early period postinfection (early post). It indicated that Retro-2.1 did not inactivate HSV-2 (direct) or affect the early stages of HSV-2 infection directly (simultaneous) and had no effect on HSV-2 replication (early post), which mainly takes place during 2-6 h post-infection [37, 38] . In contrast, the HSV-2 DNA content as well as virus titers was significantly reduced when the cells were treated with Retro-2.1 prior to infection (pre). It indicated that Retro-2.1 might act on the cells directly and thereby affect early events of the HSV-2 lifecycle as reported in previous studies on antiviral mechanisms of polysaccharide extracts from algal species and SPL-2999 against HSV-2 [39, 40] . The HSV-2 DNA content as well as virus titers was also significantly reduced when Retro-2.1 was present during 6-18 h post-infection (late post) (Fig. 4) . It indicated that Retro-2.1 also played a role in the late stages of the HSV-2 lifecycle, which was confirmed later. As there was no toxic effect of Retro-2.1 on Vero cells at the concentration used, the inhibitory effect of Retro-2.1 against HSV-2 was not due to cytotoxicity.
To investigate which event in the early stages of the HSV-2 lifecycle was disrupted by Retro-2.1, virus binding and entry assays were performed at 4°C and 37°C individually after pretreatment of the cells with Retro-2.1 (Fig. 5A) . As shown in Fig. 5B , Retro-2.1 inhibited virus entry rather than binding in the early stages of the HSV-2 lifecycle. As the target of chloroquine is the HSV-2 entry process as well, we found as expected that entry of HSV-2 was also reduced by chloroquine [29] . The effects of Retro-2.1 on HSV-2 binding and entry were further confirmed in an immunofluorescence assay performed at the end of the entry assay. As shown in Fig. 5C , HSV-2 fluorescence associated with the cells was not reduced by the treatment with the compounds, indicating that the compounds did not interfere with initial binding of HSV-2 to the cells. HSV-2 tended to be distributed in the area near or within the cell nuclei in the virus control or acyclovir-treated cells, whereas it was distributed in the periphery area around the cell membranes in Retro-2.1-or chloroquine-treated cells, indicating that Retro-2.1 and chloroquine inhibited HSV-2 entry into the cells. Therefore, Retro-2.1 was demonstrated to block HSV-2 entry into host cells as previously reported in a study on the inhibitory effect of Dynasore on HSV-2 entry rather than binding [36] .
Retro-2.1 Inhibits Late Stages of the HSV-2 Lifecycle
To study the effects of Retro-2.1 on the late stages of the HSV-2 lifecycle, a virus titer determination assay was performed after the treatment of the cells with Retro-2.1 during 6-18 h post-infection (Fig. 6A) . As shown in Fig. 6B , HSV-2 titers were significantly reduced with the treatment of Retro-2.1. On one hand, the results confirmed the inhibitory effect of Retro-2.1 on late stages of the HSV-2 lifecycle. On the other hand, as formations of both capsids and progeny infectious particles of HSV-2 gradually take place from 5 h post-infection [38] , the results suggested that Retro-2.1 was most likely to affect progeny HSV-2 packaging in the late stages, as reported in a study on Nelfinavir against HSV-1 [41] . Besides this, the reduction rate of the slope of the replication kinetics curve of the extracellular HSV-2 titer was much more than that of the intracellular HSV-2 titer, indicating that the egress process of HSV-2 was also inhibited besides the packaging process. Therefore, Retro-2.1 was demonstrated to inhibit the late stages of the HSV-2 lifecycle.
Overall, Retro-2.1 was identified as an effective inhibitor of HSV-2 in vitro by a dual mechanism of action on virus entry and the late stages of infection.
Discussion
Alternative antiviral agents against HSV-2 with distinct targets from those of commonly used nucleoside analogs are greatly needed [10, 42] . Retro-2.1 is an optimized derivative of Retro-2 c y c l , which has been reported to be an inhibitor of several pathogens by interfering with the intracellular vesicle transport [19, 24] . Here, we demonstrated Retro-2.1 as an effective inhibitor of HSV-2 in cell cultures.
In this study, the antiviral activity of Retro-2.1 against HSV-2 was first identified in CPE inhibition and plaque reduction assays, with IC 5 0 values below 7 µM and an SI value of 20.88 (Table 1) which is considered to be suitable for an antiviral agent as previously reported [43] , and subsequently confirmed by significant reductions in the HSV-2 protein (monitored by VP5) and DNA content as well as virus titers in a single replicative cycle (Fig. 3) . The antiviral mechanisms of Retro-2.1 against HSV-2 were further explored. The clear reductions in HSV-2 DNA content as well as virus titers in the cell cultures when Retro-2.1 was applied during 5 h before infection or 6-18 h post-infection indicated that Retro-2.1 targeted both early and late stages of the HSV-2 lifecycle (Fig. 4) . A dual antiviral mechanism of action was also reported in a study on the effects of SPL-2999 on both entry and late stages of the HSV-2 lifecycle [40] .
A significant reduction in HSV-2 entry rather than binding rate and a clear redistribution of HSV-2 from the area near or in the nuclei to the periphery area around the cell membranes after pretreatment of the cells with Retro-2.1 demonstrated that Retro-2.1 blocked HSV-2 entry into cells in the early stages of the HSV-2 lifecycle (Fig. 5) . The endocytic entry pathway of HSV-2 involves trapping of viruses by the membrane machinery, transport of viruses trapped in endocytic vesicles, and release of viruses to the cytoplasm by fusion of the virus envelope with the vesicle membranes [44, 45] . The mechanism of inhibiting HSV-2 entry into cells may be correlated with the capacity of Retro-2.1 to modulate the intracellular vesicle transport [19] . Moreover, early stage-based antivirals have significantly attracted the attention of researchers because the reduced virus entry translates to decreased replication and spread to other cells [46] . Early stage inhibitors of HSV-2 that have been reported until now mostly target virus binding to cells, either through the receptors or viral glycoproteins [44] [45] [46] . Thus, several reported entry inhibitors of HSV-2, including PM-19, PSM, Dynasore, and Retro-2.1 reported in our study may provide an alternative to HSV-2 inhibition in the early stages of infection [36, 47, 48] .
The significant reductions in HSV-2 titer in both the cell supernatants and the cells when Retro-2.1 was applied to the cells during 6-18 h post-infection confirmed the inhibitory effect of Retro-2.1 on the late stages of the HSV-2 lifecycle (Fig. 6) . The reductions also suggested that progeny HSV-2 packaging, which mainly takes place gradually from 5 h post-infection, was most likely to be blocked in the late stages [38] . Besides, as extracellular HSV-2 titer was reduced to a greater extent than that of intracellular, progeny virus egress might also be inhibited by Retro-2.1 in late stages. Progeny HSV-2 packaging begins with capsid assembly in the cell nuclei, followed by infectious enveloped HSV-2 packaging by budding the capsids into specialized vesicles derived from the trans-Golgi network to gain an envelope and an outer vesicular membrane. [25] [26] [27] . The mechanism of inhibiting the late stages of the HSV-2 lifecycle may be correlated with the capacity of Retro-2.1 to modulate intracellular vesicle transport [19] .
Overall, our study indicates that Retro-2.1 exerts a dual antiviral effect against HSV-2 by inhibition of the virus entry and late stages of infection. The intracellular vesicle transport involved in these processes is most likely to be inhibited, which is in agreement with previous studies on the inhibitory effects of Retro-2.1 on other pathogens [19] . Therefore, Retro-2.1 may inhibit infection at two levels in the viral lifecycle depending on the type of virus. Virus entry is blocked for adeno-associated viruses, polyomaviruses, papillomaviruses, Ebola virus and Marburg virus, whereas virus packaging or egress is blocked for poxviruses and enterovirus 71 [13, 14, [16] [17] [18] 23] . For HSV-2, both steps are blocked by Retro-2.1, as reported in this study.
As Retro-2.1 targets the host factor rather than HSV-2 itself, it is less likely for drug resistance to be developed [13] . Moreover, our findings further demonstrate the potential of Retro-2.1 to be developed as a promising broad-spectrum drug against toxins, viruses and other pathogens [19, 49] . As a number of derivatives of Retro-2 c y c l and Retro-2.1 have been synthesized, these analogs are potential lead compounds that would contribute considerably to anti-HSV-2 drug development [13, 24, [50] [51] [52] .
In conclusion, we identified the effective antiviral activity of Retro-2.1 against HSV-2 in vitro and investigated the dual mechanism of action on virus entry and late stages of the HSV-2 lifecycle. Thus, Retro-2.1 is a potential lead compound for anti-HSV-2 drug development. Virus entry as well as late stages of infection associated with intracellular vesicle transport could be antiviral targets for HSV-2.
